The influence of protein phosphorylation on the kinetics of cytochrome c oxidase was investigated by applying Western blotting, mass spectrometry, and kinetic measurements with an oxygen electrode. The isolated enzyme from bovine heart exhibited serine, threonine, and/or tyrosine phosphorylation in various subunits, except subunit I, by using phosphoamino acid-specific antibodies. The kinetics revealed slight inhibition of oxygen uptake in the presence of ATP, as compared with the presence of ADP. Mass spectrometry identified the phosphorylation of Ser-34 at subunit IV and Ser-4 and Thr-35 at subunit Va. Incubation of the isolated enzyme with protein kinase A, cAMP, and ATP resulted in serine and threonine phosphorylation of subunit I, which was correlated with sigmoidal inhibition kinetics in the presence of ATP. This allosteric ATP-inhibition of cytochrome c oxidase was also found in rat heart mitochondria, which had been rapidly prepared in the presence of protein phosphatase inhibitors. The isolated rat heart enzyme, prepared from the mitochondria by blue native gel electrophoresis, showed serine, threonine, and tyrosine phosphorylation of subunit I. It is concluded that the allosteric ATPinhibition of cytochrome c oxidase, previously suggested to keep the mitochondrial membrane potential and thus the reactive oxygen species production in cells at low levels, occurs in living cells and is based on phosphorylation of cytochrome c oxidase subunit I.
Phosphorylation of mitochondrial proteins has become of general interest since the role of mitochondria in apoptosis and degenerative diseases became evident. During the past ten years many protein kinases and phosphatases, mostly known to occur outside of mitochondria, have also been identified in mitochondria or are translocated to mitochondria after activation (1) (2) (3) (4) (5) (6) . In addition, an increasing number of phosphorylated proteins, including subunits of complexes I-V of the mitochondrial oxidative phosphorylation system, have been identified (7) (8) (9) . Of particular interest is the phosphorylation of cytochrome c oxidase (CcO) 1 , the terminal, and rate-limiting enzyme of the respiratory chain (complex IV) (10) . CcO is composed of three mitochondrial DNA-encoded subunits, forming the catalytic core of the enzyme, and ten nuclear-encoded subunits with regulatory functions. The crystal structure of the bovine heart enzyme forms a dimer (11, 12) , and supercomplexes of CcO with complex III (cytochrome c reductase) and complex I (NADH dehydrogenase) have been identified in mitochondrial membranes (13) (14) (15) . The complicated structure of the mammalian enzyme contrasts the bacterial CcO containing only 2-4 subunits (16, 17) . The additional subunits in eukaryotes are suggested to regulate CcO activity, either by binding effectors or by chemical modification, like glycosylation and phosphorylation. Ten high-affinity binding sites for ADP have been identified in the isolated bovine heart enzyme, seven of which are exchanged by ATP at high ATP/ADP ratios (18, 19) . Exchange of bound ADP by ATP at subunit VIa-H (heart type) was shown to decrease the H ϩ /e Ϫ -stoichiometry of reconstituted CcO from bovine heart (20) . Exchange of bound ADP by ATP at subunit IV induces the allosteric ATP-inhibition (21) , which is prevented by 3,5-diiodothyronine, after its binding to subunit Va (22) . At high ATP/ADP ratios the allosteric ATP-inhibition results in sigmoidal inhibition curves, when oxygen consumption is measured at increasing cytochrome c concentrations. This feedback inhibition of CcO was suggested to keep the membrane potential ⌬⌿ m and ROS production of mitochondria at low levels (16, 23, 24) , based on the dependence of ROS production on ⌬⌿ m (25) and saturation of ATPase activity at low ⌬⌿ m (Ͻ120 mV) (26) . Mitochondrial respiration, and thus CcO activity, is also inhibited at high ATP/ADP ratios through high ⌬⌿ m values, known as "respiratory control" (27, 28) . The allosteric ATP-inhibition represents a second mechanism of respiratory control (29) , which is independent of ⌬⌿ m (30) . The allosteric ATP-inhibition, however, is lost when the enzyme is dephosphorylated (31, 32) , possibly at Ser-441 of bovine heart CcO subunit I (23) .
Phosphorylation of CcO was first demonstrated by Steenaart and Shore (33) at subunit IV by in vitro incubation of mitochondrial membranes with [␥-32 P]ATP. Incubation of iso-lated bovine heart CcO with PKA (protein kinase A), cAMP, and [␥- 32 P]ATP resulted in labeling of subunits I, II, and Vb (31) . After activation of PKC in cardiac myocytes with phorbol ester, in vitro phosphorylation of a membrane fraction with [␥-32 P]ATP revealed phosphorylation of CcO subunit IV (34) . In later studies, binding of PKC to CcO subunit IV is demonstrated accompanied by enhanced CcO activity (35) . Hü ttemann and coworkers (36) described phosphorylation of CcO subunit I at Tyr-304. The phosphorylation was obtained in liver cells or tissues after activation with glucagon or forskolin via the cAMP/PKA signal pathway and was accompanied by enhanced allosteric inhibition kinetics of the enzyme. The conversion of the cAMP signal, normally leading to phosphorylation of serine/threonine residues into activation of a tyrosine kinase, was assumed to involve the protein kinase A anchor protein AKAP121 (37) . Avadhani and coworkers demonstrated phosphorylation of CcO subunits I, IV, and Vb after ischemia of Langendorff perfused rabbit hearts (38) . This phosphorylation was prevented by the presence of the PKA inhibitor H89 in the perfusion medium. In a subsequent study the group identified the phosphorylation sites in rabbit heart CcO at Ser-115 and Ser-116 of subunit I, Thr-52 of subunit IV, and Ser-40 of subunit Vb (39) . All of these results contrast previous analysis of isolated bovine heart CcO by matrix-assisted laser desorption/ ionization mass spectrometry (MALDI-MS), where for all subunits only masses corresponding to the determined amino acid sequences are obtained (40) . The authors concluded that the 13 subunits of CcO are not post-translationally modified by phosphorylation or glycosylation.
In the present study we compared the kinetics of CcO from bovine heart, with its phosphorylation pattern using antibodies against phosphoserine, phosphothreonine, and phosphotyrosine. The enzyme was purified from mitochondria, which had been isolated in the presence of 25 mM NaF, an unspecific inhibitor of protein phosphatases. In the isolated bovine heart enzyme, three phosphorylated amino acids have been identified by mass spectrometry, i.e. Ser-34 of subunit IV and Ser-4 and Thr-35 of subunit Va. Incubation of isolated CcO with PKA, cAMP, and ATP resulted in phosphorylation of CcO subunit I at serine and threonine, accompanied by induction of allosteric ATP-inhibition. Rapid isolation of mitochondria from rat heart in the presence of various protein phosphatase inhibitors resulted in CcO kinetics with allosteric ATP-inhibition and phosphorylation of subunit I at serine, threonine, and tyrosine. The results indicate that the allosteric ATP-inhibition of CcO is present under in vivo conditions, but is immediately lost during stress, such as death of an animal.
EXPERIMENTAL PROCEDURES
Isolation of Mitochondria-Mitochondria were isolated either from fresh or frozen bovine hearts. The hearts were obtained from the slaughterhouse about two hours after animal death, transported on ice, and either directly used for preparation of mitochondria or frozen at Ϫ80°C. Frozen hearts were thawed overnight on ice, cut into cubes, minced in a meat grinder, and mixed in a commercial blender for 3 ϫ 10 s at maximal speed in 3 volumes of a medium containing 250 mM sucrose, 20 mM Hepes, pH 7.4, 2 mM EGTA, which was supplemented with 25 mM NaF, 1-5 mM sodium vanadate, and 10 nM okadaic acid, when indicated. The pH was readjusted during homogenization with 2 M Tris. The homogenate was centrifuged for 10 min at 650 ϫ g, and from the supernatant mitochondria were centrifuged down for 15 min at 16,000 ϫ g. Mitochondria were washed once in the same medium.
Isolation of Bovine Heart CcO-CcO was isolated as described previously (41) . In short, mitochondria were extracted with Triton X-114 and ultracentrifuged. The CcO pellet was dissolved in Triton X-100 followed by DEAE-Sephadex chromatography and ammonium sulfate precipitation in the presence of 1% sodium cholate.
Treatment of Isolated CcO-To remove bound cholate and to supplement the enzyme with cardiolipin, CcO from bovine heart was dialyzed overnight against 50 mM potassium phosphate, pH 7.4, 1% Tween 20, 1 mM EDTA, 0. Isolation of CcO by Blue Native Gel Electrophoresis-The procedure of Schä gger and von Jagow was applied (42, 43) . Mitochondria from rat heart (10 mg/ml) were homogenized in 50 mM NaCl, 50 mM Bistris, 2 mM 6-aminocaproic acid, 1 mM EDTA, pH 7.0, and dodecylmaltoside was added at a concentration of 2%. After 10 min the solution was centrifuged at 20000 ϫ g for 20 min. To the supernatant 5% glycerol and 0.25% Coomassie Blue R-250 (Sigma-Aldrich) were added, and 11 l of the mixture were loaded per sample well to an acrylamide gel in a small gel electrophoresis apparatus (10 ϫ 10 ϫ 0.1 cm). A gradient separation gel was applied from 6 to 13% polyacrylamide (48-g acrylamide and 1.5 g bisacrylamide/100 ml). After 2 h electrophoresis at 200 V complex IV of the respiratory chain was excised from the gel, incubated in 1% SDS for 15 min, and put at the position of stacking gel on glass plates for the second dimension by SDS-PAGE (44) . After positioning the spacers and covering the second glass plates the acrylamide solution was poured through the gaps, and after polymerization the stacking gel was added.
Western Blotting-The purified enzyme or the CcO complex from blue native gel electrophoresis was separated by SDS-PAGE as described previously (44) in a small gel electrophoresis apparatus, and part of the gels was stained with Coomassie Brilliant Blue R-250. The other part was blotted onto polyvinylidene difluoride membranes by "semi-dry-blotting" at room temperature (45) , and phosphoproteins were detected with monoclonal antibodies against phosphoserine (Sampler kit, 1:1000; Biomol, Hamburg, Germany), phosphothreonine (Sampler kit, 1:1000; Biomol) and phosphotyrosine (clone 4G10; Upstate). The polyvinylidene difluoride membranes were blocked with 1:10 dilution of Roti Block buffer (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) at room temperature for 90 min under shaking. Antibodies were reacted for 1 h at room temperature and washed 4ϫ with phosphate-buffered saline/0.1% Tween 20, followed by reaction for 60 min with a 1:10000 dilution of horseradish peroxidase-conjugated goat anti-mouse IgG (Invitrogen). The bound monoclonal antibodies were detected using a Pierceா ECL Western blotting substrate (Thermo Scientific) and visualized on x-ray film. Stripping off of the antibodies was performed by heating the blots for 30 min at 60°C under shaking with 2% SDS, 62.5 mM Tris-HCl, pH 6.8, 100 mM mercaptoethanol, followed by 4ϫ washing with phosphate-buffered saline/0.1% Tween 20. After blocking, as described above, the blots were reacted with monoclonal antibodies against CcO subunits I (1:10000) and subunit IV (1:30000) from Molecular Probes (Gö ttingen).
Measurement of CcO Activity-The kinetics of CcO activity were measured polarographically at 25°C using an Oxygraph System (Hansatech, Norfolk, UK) in a volume of 0.5 ml. Mitochondria, or the isolated enzyme, were dissolved in 50 mM potassium phosphate, pH 7.4, 2 mM EGTA, 5 mM MgSO 4 , and 1% Tween 20. Oxygen consumption was measured with increasing concentrations of cytochrome c (0.2-100 M) in the presence of 15 mM ascorbate and either 5 mM ADP or 5 mM ATP and a regenerating system consisting of 10 mM phosphoenolpyruvate and 200 units/ml pyruvate kinase.
Enzymatic Digestion of the CcO Complex-Aliquots of 100 g DEAE-Sepharose-enriched CcO samples were dried in a vacuum centrifuge and solubilized in 40 l of guanidinium hydrochloride (Gu-HCl) digestion buffer. For digests with sequencing grade-modified trypsin (Promega Corporation, Madison, WI), a buffer consisting of 5 M GuHCl, 50 mM ammonium bicarbonate (pH 8.3) was used and 5 M GuHCl, 100 mM Tris, 10 mM CaCl 2 (pH 7.8) in the case of digests with sequencing grade-modified chymotrypsin (Roche, Penzberg, Germany). Cysteines were reduced for 10 min at 70°C with 5 l of 200 mM dithiothreitol solution and alkylated for 1 h at 45°C with 4 l of 1 M iodoacetamide according to Immler et al. (46) . To scavenge remaining alkylation reagent, further 5 l of the reducing reagent was added followed by 1 h incubation at 45°C. The samples were diluted to bring the GuHCl concentration to 1 M and digested with 1/20 of the quantity of CcO protein by weight with chymotrypsin or trypsin (both diluted in digestion buffer). Digestion was allowed to take place for 16 h at 37°C.
TiO 2 Enrichment of Phosphorylated Peptides-The identification of phosphorylated peptides required their enrichment with TiO 2 material in self-made columns. The column preparation and slightly differing sample treatments are described earlier (47, 48) . The enzymatic digests of the CcO samples were diluted with a 5-fold volume of TiO 2 -loading solution (10% lactic acid, 5% trifluoroacetic acid, 80% acetonitril (ACN)) and loaded on a 2-200 l of Tip (Eppendorf, Hamburg, Germany) equipped with a C8 membrane plug (3 M Empore TM C8 extraction disc; IVA Analysentechnik, Meerbusch, Germany) packed ϳ2 mm high with TiO 2 material (5 m, Titansphere; GL Sciences, Torrance, CA). The flow-through was collected and used for the analysis of non-phosphorylated peptides. The TiO 2 -bound peptides were washed with 10 l of TiO 2 loading solution, 20 l of washing solution (1% trifluoroacetic acid, 80% ACN), and 5 l of H 2 O. Peptides were eluted with 20 l of elution buffer (125 mM ammonium bicarbonate, 50 mM ammonium phosphate, pH 10.5) according to Mazanek et al. (48) . C8 membrane plug remaining peptides were eluted with 5 l of 30% CAN, and the collected eluate was immediately acidified with 2.5-l formic acid (FA, 100%) and dried in a vacuum centrifuge.
To optimize the conditions for mass spectrometry (MS) the peptide samples were desalted by an additional purification step: TiO 2 -enriched phosphorylated peptides were desalted using reverse phase poros medium R3 (PerSeptive Biosystems, Framingham, MA) packed ϳ2 mm high in Microloader tips (Eppendorf) equipped with C8 membrane plugs. Washing was performed with 20-l ACN (100%), and equilibration was done with 20 l of 5% FA. Peptides were solubilized in 20 l of 5% FA, bound to the column material, washed two times with 20 l of 5% FA, and eluted with 20 l of reverse phase elution buffer (5% FA, 80% ACN). As the volume of the flow-through peptide sample was too high to use, those tips desalting was done in an additional step using 1-ml Chromabond C18 cartridges (Machery-Nagel, Dü ren, Germany). Prior to sample loading cartridges were washed with 1-ml ACN (100%) and equilibrated with 1 ml of 5% FA. Afterward, peptides were bound to the column material, washed two times with 1 ml of 5% FA and eluted with 0.5 ml of reverse phase elution buffer. Finally all samples were dried once more to remove ACN, solubilized in 15 l of 5% FA, and analyzed by nanoLC-ESI-MS/MS.
NanoLC-ESI-MS/MS Analysis-
The nano liquid chromatographyelectrospray ionization-MS/MS analyses were done using the Ultimate TM 3000 HPLC system (Dionex LC Packings, Idstein, Germany) online coupled to the HCTultra PTM Discovery System TM ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany). Peptides were first separated by reverse phase nanoLC on a 75-m inner diameter ϫ 150 mm C18 PepMap column (Dionex LC Packings) with pre-concentration for 10 min with 0.1% trifluoroacetic acid on a -precolumn (300-m inner diameter ϫ 1 mm, C18 PepMap, Dionex LC Packings). For peptide separation a solvent system consisting of
The gradient was 5-30% solvent B in 89 min, 30 -95% solvent B in 5 min, held at 95% solvent B for 5 min before the column was conditioned for the next run for 15 min with 5% solvent B.
The ion trap mass spectrometer was equipped with a nano-electrospray ion source and distal-coated SilicaTips™ (FS360 -20-10-D-20; New Objective Inc., Woburn, MA). The peptides were analyzed in the positive mode after ionization with 1.0 -1.4 kV source voltage. The three most abundant preferentially more than doubly charged precursor ions of a MS scan were selected by the MS control software (Esquiere Control V. 6.1; Bruker Daltonics) for CID-MS/MS (collision induced dissociation-MS/MS) experiments. TiO 2 -enriched phosphorylated peptides were detected with neutral loss scans including the automatic detection of fragment ions explaining CID-MS/MS-generated dissociation of phosphoric acid with losses of m/z 49.0 (doubly charged ions) and m/z 32.7 (triply charged ions). The precursor masses of these ions were selected for ETD (electron transfer dissociation) fragmentation experiments, and the masses explaining the neutral losses were additionally fragmented with CID. The peptides of the flow-through (not trapped with TiO 2 ) were analyzed with the same liquid chromatography parameters but only peptides with a chargestate Ͼ2 were selected for CID-as well as ETD-MS/MS experiments.
Data Analysis-For identification of the CcO subunits and their phosphorylation sites the MS output files (mgf format) of the TiO 2 enrichment and flow-through were generated with the Data Analysis software V. 3.4 (Bruker Daltonics) and merged separately for CID-MS/MS as well as ETD-MS/MS spectra. These combined data sets were compared with the mammalian protein sub-database of NCBI nr decoy (2007.11.09; 6340306 sequences in major database) using the Mascotா V. 2.2 search algorithm. The following search parameters were selected: peptide mass accuracy of 0.6 Da (mono-isotopic), fragment mass accuracy of 0.2 Da (mono-isotopic), variable modification because of oxidation of methionine, carbamidomethylation of cysteine, and phosphorylation of serine, threonine, and tyrosine, maximal two missed cleavage sites as well as three missed cleavage sites for a further search. For positive protein identification a minimum of two unique peptides, adequately explained by additional manual interpretation of the respective fragment ion spectra and by theoretical fragmentation with the MS Product software tool were required, which also equated to at least 5% sequence coverage of the respective protein.
RESULTS
The kinetics of CcO in isolated mitochondria from fresh bovine heart tissue, measured polarographically at increasing cytochrome c concentrations in the presence of 5 mM ADP or 5 mM ATP, are presented in Fig. 1 . To prevent dephosphorylation of CcO during preparation of mitochondria, the isolation medium contained 25 mM NaF, an unspecific inhibitor of protein phosphatases, 1 mM vanadate, an inhibitor of phosphoprotein tyrosine phosphatases, and 2 mM EGTA, which complexed calcium, an activator of some protein phospha-tases. No allosteric ATP-inhibition but hyperbolic saturation kinetics was obtained in both cases, although with decreased activity in the presence of ATP.
From the mitochondria, used in Fig. 1 for activity measurements, CcO was isolated by our standard procedure including Triton X-114/X-100 extraction, DEAE-Sepharose chromatography and ammonium sulfate precipitation in the presence of 1% cholate (41) . With the purified enzyme Western blots were performed with phosphoamino acid-specific antibodies, as shown in Fig. 2 . The position of CcO subunits is presented in the Coomassie Blue-stained part of the gel, presented at the right side of the figure (CB). After stripping off the antibodies, further staining of the blots with antibodies against CcO subunits I and IV was performed to identify the subunit positions on the blots. Phosphorylation is seen in subunit II/III at tyro-sine, serine, and threonine. Further phosphorylation at serine and threonine is detectable in subunits IV and Vab. Threonine phosphorylation is also found at subunit VIa and serine phosphorylation at subunits VIbc. A strong serine phosphorylation is visualized at subunits VIIabc/VIII. No phosphorylation was found at subunit I.
To confirm protein phosphorylation, the purified enzyme was analyzed by nanoLC-ESI-MS/MS. We were able to identify one phosphorylated serine residue (Ser-34) in subunit IV as well as a serine and a threonine phosphorylation site of subunit Va (Ser-4, Thr-35). The proteins were identified with a sequence coverage of 61% (subunit IV, gi 1942989) and 72% (subunit Va, gi 1942990). Fig. 3 shows both spectra (A, CID; B, ETD) unequivocally identifying phosphorylated Ser-34 in subunit IV after protease cleavage with trypsin and TiO 2 enrichment of phosphopeptides. Corresponding peptides were identified as doubly and triply charged ions with two and three missed cleavage sites and Mascot scores for the processed ETD spectra of up to 74. The analyzed peptide ion with the sequence NLSA P SQKALKEKEK includes two possible serine phosphorylation sites. For localization of the correct phosphorylation site we were able to generate fragment ion spectra by CID as well as ETD. The obtained fragment ion spectrum of m/z 555.2 of the triply charged precursor ion explains the neutral loss of phosphoric acid from phosphoserine (Fig. 3A) , which is typical for CID fragmentation experiments. Fragment ions can be unequivocally assigned indicating the phosphorylation at Ser-34 by the ions y 10 ϩ2 and y 11 ϩ2 both with loss of phosphoric acid. Furthermore, the b 3 ion excludes a phosphorylation of Ser-32. The subsequent analysis by ETD complemented the CID data with the z 11 and z 12 ions as well as the y 11 and y 12 ions also excluding phosphorylation of Ser-32 (Fig. 3B) . The difference between the C-terminal z 9 ϩ 1H and z 10 ϩ 1H ions (both singly charged with additional hydrogen) clearly explains a phosphorylated Ser-34.
Two further phosphorylated amino acids were identified in subunit Va. These are Ser-4 identified in TiO 2 -enriched samples and Thr-35 identified in the TiO 2 flow-through, as presented in Fig. 4 . Phosphorylation at Ser-4 was observed after enzymatic cleavage with chymotrypsin and analysis of the doubly charged precursor ion (see supplemented data, Fig. 1 ) as well as after cleavage with trypsin for doubly and triply charged precursor ions; a spectrum of the latter is presented in Fig. 4, A and B . This peptide ion of the sequence SHG P -SHETDEEFDAR contains several possible phosphorylation sites, and the combination of CID and ETD again allows an unambiguous localization of the present phosphorylation site. The CID fragment ion spectrum of the triply charged precursor ion with m/z 566.3 shows a neutral loss of phosphoric acid from the phosphoserine of the precursor ion providing a conclusive characterization of the C-terminal part (from His-5). The fragmentation pattern excludes a phosphorylation at Thr-7 (Fig. 4A ). Discrimination between Ser-1 and Ser-4 phos- phorylation is easily possible on the basis of the measured ETD spectrum (Fig. 4B, Mascot score 109 ). It contains a nearly complete clarification of the peptide amino acid sequence including the Ser-4 phosphorylation by the ions c 3 and c 4 as well as z 10 , z 11 , and y 11 . Thr-35 phosphorylation is identified in spectra of the triply charged peptide ion GMN P -TLVGYDLVPEPK (m/z 571.6) containing an additional possible phosphorylation site at Tyr-39 (Fig. 4, C and D) . In contrast to the previously described CID spectra no neutral loss of phosphoric acid is detected for CID fragments of this peptide ion but two abundant ions the y 4 ion and the corresponding b 11 ϩ2 ion explain a breakage at the labile peptide bond at Pro-43 (Fig. 4C) . The tyrosine phosphorylation is excluded by the generation of b 7 and b 8 ions and additionally by the formation of y 7 and y 9 . Furthermore, the versatile ETD fragment ions give a good explanation of the amino acid sequence including c7 and c8 ions and the corresponding z7 and z8 ions explaining the state of the tyrosine and the c4, ϩ2 ion, pointing to breakage at the labile peptide bondage in front of Pro-43. The tyrosine phosphorylation (Tyr-39) was excluded by the occurrence of b 7 , b 8, y 7 , and y 9 ions. Furthermore, ETD fragmentation resulted in an easily interpretable spectrum giving a good explanation of the amino acid sequence including the c 7 and c 8 ions and the corresponding z 7 and z 8 ions. On the basis of the fragmentation pattern Tyr-39 could be excluded to be phosphorylated, and the c 4 , z 13 , and y 14 ions explicitly confirm a phosphorylation of Thr- 35. z13, and y14 ions proving the phosphorylation of Thr-35 (Fig.  4D , Mascot score 72).
To analyze the influence of the unspecific phosphatase inhibitor NaF mitochondria were also isolated from frozen bovine heart in the presence and absence of 25 mM NaF, and CcO was purified from the mitochondria by standard procedures. The kinetics of the purified enzymes, measured in the presence of 5 mM ADP and 5 mM ATP, indicated for both enzyme preparations hyperbolic curves with no inhibition by ATP (not shown). The lack of inhibition of activity in the presence of ATP, as compared with Fig. 1 , suggests additional loss of phosphorylation of CcO subunits during storage of the heart. The Western blots of the two enzymes indicated tyrosine and serine phosphorylation at subunit II/III and serine and threonine phosphorylation at subunit IV in both enzyme preparations. Phosphorylation of serine and threonine at subunits VIIabc, however, was only seen in the enzyme from mitochondria isolated in the presence of NaF (not shown), indicating loss of this phosphorylation during isolation of bovine heart mitochondria in the absence of NaF. In these two CcO preparations no phosphorylation of subunit I and of subunits Vab and VIabc, as found in Fig. 2 for CcO prepared from fresh tissue, was found, indicating loss of the phosphorylations during storage at Ϫ80°C and/or during freezing and thawing of the bovine heart.
In previous studies the allosteric ATP-inhibition was induced in purified CcO from bovine heart by incubation with PKA, cAMP, and ATP (32) . To identify the phosphorylation sites related to the allosteric ATP-inhibition, we incubated isolated CcO with PKA, cAMP, and ATP and measured the kinetics as described in Fig. 5 . Before incubation part of the enzyme was dialyzed overnight in the presence of cardiolipin to remove bound cholate and to supplement the enzyme with cardiolipin, which could have been lost during the preparation of CcO. Incubation with PKA induced the allosteric ATPinhibition as seen in Fig. 5, A and B, characterized by low respiration rates in the presence of ATP at low concentrations of cytochrome c. Incubation of CcO in the absence of PKA resulted in little difference between the activity measured in the presence of ATP or ADP (Fig. 5, C and D) . This result does not prove that PKA induces the allosteric ATP-inhibition of CcO in vivo, it could as well be induced in vivo by another, yet unknown, mitochondria specific serine/threonine protein kinase. The Western blots of the two enzymes with antibodies against phosphoserine and phosphothreonine are presented in Fig. 6 . Incubation of CcO with PKA results in additional phosphorylation of subunit I on serine and threonine. Approaches to identify the phosphorylated amino acids by mass spectrometry, however, were so far unsuccessful. This is mostly because of the strong hydrophobic nature of subunit I containing 13 hydrophobic transmembrane helices as well as its poor accessibility for the common proteases used for MS analysis.
To prove that the allosteric ATP-inhibition is present under in vivo conditions, we rapidly prepared mitochondria from rat heart immediately after the death of the animal in the presence of 25 mM NaF, 5 mM sodium vanadate, 10 nM okadaic acid, 2 mM EGTA, and 0.2% bovine serum albumin and measured the CcO kinetics without delay. As shown in Fig. 7 , a strong inhibition of CcO activity is obtained in the presence of ATP, but the curve has no clear sigmoidal shape. This could be due to 1) a mixture of enzymes with and without ATPinhibition, 2) a mixture of CcO complexes differing in their phosphorylation pattern, thus leading to multiple mixed ki-netic behavior. The Western blots of the enzyme, purified from the rat heart mitochondria by blue native gel electrophoresis (42, 43) , indicate phosphorylation of serine, threonine, and tyrosine of CcO subunits II/III, IV, and VIIabc/VIII. In contrast to Fig. 2 , phosphorylation of serine, threonine, and tyrosine at subunit I was detected (Fig. 8) . The immunoreactive spot between subunits I and II/III does not represent a subunit of CcO. According to mass spectrometric analysis of the bovine CcO the ␣and ␤-subunits of the bc1 complex were identified in corresponding one-dimensional SDS-PAGE separated protein bands. This result, together with the in vitro phosphorylation of CcO subunit I by PKA ( Figs. 5 and 6 ), clearly demonstrates the relationship between the allosteric ATP-inhibition and phosphorylation of CcO subunit I, which apparently occurs in living cells, but is lost under stress (e.g. hypoxic stress). DISCUSSION We have identified three new phosphorylation sites in isolated CcO from bovine heart, contrasting the previous view that the bovine heart enzyme may not be phosphorylated (38) . Most phosphorylation sites, however, appear to be rapidly lost after death of the animal (e.g. due to hypoxic stress). The identified phosphorylation sites at subunit IV (Ser-34) and subunit Va (Ser-4 and Thr-35) are only obtained under certain conditions including the use of protein phosphatase inhibitors in the medium for isolation of mitochondria. The applied methods do not allow estimating the percentage of phosphorylation of these amino acids. The phosphorylation sites at subunit Va have only been found in CcO prepared from fresh heart tissue (Fig. 2) . After storage of the heart at Ϫ80°C for several weeks these phosphorylations are lost (data not shown). The identified phosphorylated amino acids are located at the matrix side of CcO, as presented in the crystal structure of the bovine heart en- zyme in Fig. 9 . They are apparently not related to the allosteric ATP-inhibition (21, 30) , which appears to involve phosphorylation of subunit I (see Figs. 6 and 8) . Their function could be to modify supercomplex formation of respiratory chain complexes (13) (14) (15) or to change the binding affinity of CcO to specific proteins. In fact, the binding of at least seven proteins/enzymes to specific subunits of CcO have been described (binding of voltage-dependent anion channel to subunit I, epidermal growth factor receptor-pY845 to subunit II, HBx (viral protein) to subunit III, PKC to subunit IV, nitric oxide synthase to subunit Va, subunit RI␣ of PKA to subunit Vb, androgen receptor to subunit Vb, for review see (8) . Phosphorylation of Tyr-304 in subunit I of bovine liver CcO is shown to enhance the allosteric kinetics of CcO in the presence of ADP and ATP (36) . The allosteric ATP-inhibition, however, is characterized by sigmoidal inhibition curves only in the presence of ATP, not in the presence of ADP, if oxygen consumption is measured at increasing cytochrome c concentrations (23) . Therefore we postulate that for the allosteric ATP-inhibition of CcO phos-phorylation of other amino acids than Tyr-304 in subunit I are responsible, including serine and/or threonine phosphorylation of subunit I (Fig. 8) . The presented data support the previous postulate that the allosteric ATP-inhibition of CcO is turned off under stress (e.g. death of an animal) via dephosphorylation of CcO subunit I at serine and/or threonine (23, 24) . The physiological significance of this mechanism is suggested to increase the rate of ATP synthesis under stress, which, however, is accompanied by increased formation of reactive oxygen species (8, 23, 24) . Further work is required to identify the phosphorylated amino acid(s) at CcO subunit I.
The results of this paper indicate multiple phosphorylation sites to occur in CcO in living cells, which, at least in part, participate in regulation of activity. The phosphorylation sites appear to be reversibly phosphorylated, depending on the metabolic state. In fact, at least 10 of the 13 subunits of CcO have been found to be phosphorylated at serine and/or threonine, depending on the isolation conditions of the enzyme. 2 Multiple phosphorylation sites could be envisioned in mammalian CcO based on consensus sequences for PKA-dependent phosphorylation sites at serine and threonine residues according to Pearson and Kemp (49) . From the consensus sequences 53 sites for PKA-dependent phosphorylation of serine and threonine occur within the amino acid sequences of the 13 subunits of bovine heart CcO (11 in subunit I, 10 in II, 3 in III, 6 in IV, 3 in Va, 3 in Vb, 4 in VIa, 3 in VIb, 2 in VIc, 2 in VIIa, 1 in VIIb, 1 in VIIc, and 4 in VIII). It remains to be investigated which of these possible phosphorylation sites of CcO subunits are phosphorylated in living cells and what will be their physiological function. and Thr-35 in subunit Va (this paper) in red. Subunit II is shown in dark blue. The transmembrane subunit IV and subunit VIa, located at the interface between the two monomers, are presented in red, subunit Va in light blue, and subunit Vb (and VIII) in lila. The two heme a groups are in black, with iron and copper atoms in brown. The two copper atoms of the Cu A site and the copper atom at heme a 3 are smaller than the iron atoms in heme a and heme a 3 .
